Abstract -The use of high-power microwaves to perform explosive spalling of concrete surfaces is a promising technique with applications in the area of concrete facilities decommissioning. The mechanism that creates explosive spalling is due to a combination of the thermal stress from high temperature gradients and the pore pressure generated from the water vaporization and water transport through a porous medium. In this paper a one-dimensional model solving the heat and diffusion equations for liquid and vapor phase with the COMSOL Multiphysics finite element software is presented. The modelling of the drying process is based on the spatial reaction engineering approach (SREA). This paper discusses the influence of the relative activation energy parameter and effective diffusion coefficients on the temperature, water content and pore pressure in the case of fast microwave heating of concrete. This model is then used for a 3D geometry with a sealed insulated block of concrete and a conical waveguide antenna to compute the thermal stress, pore pressure and total stress.
Introduction
In the case of rapidly heated concrete with high power microwaves, evaporation, moisture transport and condensation mechanisms occur inside the porous material. The thermal stress [1] and pore pressure are calculated by using a coupled heat and mass transport equation together with the use of Lambert's law for the power density distribution [2, 3] .
The spatial reaction engineering approach developed by Chen [4] is used to model the drying process of the material. The SREA method is successful in predicting the liquid content and temperature profile for different heating scenarios and many porous materials such as vegetables and fruits in the case of conventional convection drying [5, 6] .
To simplify our model, the local liquid and vapor concentration are calculated with the assumption of a closed pore volume and an ideal gas law for the behavior of the vapor and air. In the 3D coupled electro-thermo-mechanical model, the complex permittivity and the thermal properties of the concrete are a function of the solid, liquid and gas phase content. The computation of the temperature, liquid and vapor content allow the calculation of the total pressure. The pore pressure is combined with a thermo-elastic model to compute the total stress. The novelty of this work is the use of the SREA approach to compute the liquid and vapor water content distribution in the concrete under microwave heating.
Mathematical modelling
With a 1D model, the power density from the microwave field is modelled with an exponential attenuation through the thickness (Lambert's law). The attenuation constant is obtained with a 3D electromagnetic model of a conical antenna. For a feasible permittivity for concrete of εr = 6 -0.68j at 2.45 GHz, the skin depth for the electric field is about 4 cm and the attenuation constant is α = 23.9 [1/m]. The power distribution used in the 1D model is:
with q0 = 70 MW/m 3 . This leads to maximal temperatures around 300° C in 10 s in agreement with the experimental temperature measurements made with an infrared camera.
The following assumptions are made to model the heat and mass transfer in a porous sample of concrete: -The effect of solid shrinkage or expansion on heat and mass transfer processes is not taken into account. For concrete the volume variation is negligible. -Cracks formation and sudden increase of permeability are not modelled.
-The porous medium is homogenous and isotropic. -The diffusion coefficients are assumed to be constant; in reality they depend on temperature and water content, and probably thermal stress. -The evaporation/condensation rate is related to the difference between the internal saturated vapor concentration Cint,sat and the actual vapor concentration Cv inside the solid. -The saturated vapor density is obtained with the Clapeyron equation.
-Because of fast microwave heating and for simplification of the analysis, the volume is sealed and thermally insulated: no heat flux or mass flux cross its boundaries. -The initial temperature and moisture content are uniformly distributed.
-The water vapor and the air phase follow the ideal gas law.
The spatial distribution of the liquid Cl and vapor content Cv are calculated with the coupled heat transfer and diffusion equations as shown in Table 1 . Dl and Dv are the effective diffusion coefficients of the liquid and vapor phase through the material and depend on its microstructure, temperature, water content and pressure gradients. In our model, Dl and Dv are assumed to be constant to facilitate the interpretation of the solution of the coupled heat and mass transfer equations. In addition, because of fast heating with 10 s duration, it is assumed that Dl = 0. The basic idea to model the drying process with the SREA approach is to consider the evaporation as an activation process, which can be described by an Arrhenius equation.
The SREA approach to model the drying of a porous medium considers that additional energy is required to evaporate the liquid inside the solid porous medium (comparable to the evaporation of liquid in free space, but less energy is needed). The evaporation/condensation term is modified and proportional to the difference between the internal saturated vapor concentration Cint,sat and the actual concentration Cv.
The internal saturated vapor concentration is scaled with an exponential function from the known saturated vapor concentration in free space (obtained with Clapeyron equation or  thermodynamic table) .
ΔEv is the apparent activation energy and can be expressed with a relative energy function f:
ΔEf represents the equilibrium activation energy of the dry state with RHf and Tf the relative humidity and the temperature of the finale dry state. X0 and Xf are the initial and final water content respectively. When the current vapour concentration Cv is lower (higher) than the internal saturated vapor concentration Cint,sat, vapour is produced (consumed) with IΔH being the power per unit volume absorbed (released) by the system during the evaporation (condensation) process. For drying modelling based on the SREA; the relative activation energy function should be extracted from water loss measurement versus time during a drying experiment [6] . The function can be of the form:
At the initial wet state, maximum evaporation occurs, and with f = 0 and using eq (1) and (2), Cint,sat = Cv,sat. For f = 1, Cint,sat ~ 0 and limited or no evaporation will occur. It was not possible to obtain such a function during this short duration of microwave heating and we consider here only the two extreme values of the relative activation energy function f = 0 (maximum evaporation) and f =1 with nearly no evaporation. In the case of maximum evaporation, the coupling term (d) from table 1) becomes
For the case of no evaporation, 0
is the internal surface area. These two parameters depend on the microstructure of the material.
Results and Discussion

1D Model
The power density, temperature, pore pressure and Von Mises stress are plotted for 3 different vapour diffusion coefficients Dv = (0.01, 10 -4,
10
-9 ) m 2 /s. Figure 1 shows the effect of evaporation near the surface of the concrete. As the diffusion increases, the maximum of the power density shifts inside the material. Figure 2 shows the temperature within the concrete as a function of the distance to the surface without and with evaporation for three diffusion coefficients. For the largest vapour diffusion coefficient, the difference between temperature with and without evaporation is about 40°C. Figure 3 shows the calculated pore pressure based on the vapour and air concentration. With no evaporation, the maximum pressure is located at the surface and is about 0.2 MPa. The pressure is mainly due to air and vapour expansion from high temperature. With evaporation, pressures are much higher and about {14, 9, 2} MPa for Dv = {10 -9 , 10 -4 , 0.01} m 2 /s respectively. The maximum is no longer at the surface, but located approximately {5, 10} mm inside for Dv = {10 -9 , 10 -4 , 0.01} m 2 /s.
3D Model
The 3D model allows the computation of the total stress based on the thermal stress and the pore pressure. Figure 4 shows the Von Mises stress within the concrete as a function of the distance to the surface for two different diffusion coefficients Dv = {0, 0.01} m 2 /s. The stress is lower when the diffusion of vapour increases. (With Dv = 0.01, maximum stress about 28 MPa 8-10 mm inside the concrete). With Dv = 0, the stress is about 38 MPa with the pore pressure and 34 MPa without. The thermal stress is clearly dominant in comparison to the pore pressure. Figure 5 shows the Von Mises Stress inside the concrete. The left picture shows the calculated stress without the pressure from vapour evaporation and the right picture shows the stress including the pressure effect. It can be seen than a small region located at the surface is present (the stress is lower than 25 MPa) whereas with the pressure effect, this domain has stress above this limit and is not represented in the picture. Typical properties of normal strength Portland cement concrete are 2 to 5 MPa for the tensile strength and 20 to 40 MPa for the compressive strength.
Conclusion
A coupled multiphysics model based on heat and mass diffusion equations was developed in order to compute the total stress and compare the thermal stress with the pore pressure. From these first results it seems that the thermal stress is the dominant effect in the case of explosive spalling of concrete with microwave heating. The pore pressure could have a trigger mechanism role as suggested by Bazant [2] .
The use of the SREA approach provides a quick way to model the liquid and vapour content in order to calculate the pore pressure. In this study the relative activation energy function was not available from experiment and therefore only two extreme cases were studied, maximum evaporation and no evaporation.
